A thermodynamic model for phase transitions of multilame11ar liquid crystals composed of phospholipid bilayers in water is developed. By means of a Landau theory of the thermally driven hydrocarbon chain-melting transition of an isolated membrane and a continuum model of the interactions between neutral phospholipid bilayers, the phenomenon of structural phase transitions induced by membrane interactions is described. The phenomenological parameters that appear in the theory may be readily determined by existing experimental techniques; an analysis of available data on several phospholipid systems is used here to estimate these quantities. Semiquantitative agreement is achieved with the experimental temperature-composition phase diagram as well as the variation of the characteristic dimensions of the lamellar crystals with water content. Possible origins of pseudocritical phenomena are suggested on the basis of the unusual topology of the phase diagram. The model highlights the central importance of the water-mediated "hydration repulsion" between membranes in the phase behavior of the lamellar systems.
I. INTRODUCTION AND SUMMARY OF RESULTS
The structure of lipid membranes immersed in water may undergo a variety of phase transitions with variations in temperature, and such internal ordering may in turn affect the fluctuations of the bilayers as well as their interactions with each other. As an example, the thermally excited undulation modes which are responsible for the long-ranged "steric repulsion" between membranes are governed by a rigidity modulus which is itself related to the details of the distribution of lateral stresses within the layer. Similarly, the short-ranged membrane interactions of biologically important lipids are known to be quite sensitive to the particular molecular architecture of the lipid molecules, their conformational state, and the presence of small amounts of added or adsorbed impuri- ties.
Theories describing the statistical properties of interacting membrane systems, seen as stacks of fluctuating surfaces, usually neglect the specific aspects of the internal structure of the membranes, assuming that they are infinitesimally thin, homogeneous layers characterized by coarse-grained elastic properties. This is, of course, an oversimplification, and it is only in the recently observed "hyperswollen" limit that this assumption may be justified. In ordinary multilamellar lipid bilayer arrays, however, the typical distance between lamellae is comparable to their thickness. In this regime, a variety of studies has shown that membrane interactions are dominated by molecular forces, which in turn strongly depend on the internal bilayer structure. Therefore, in the study of unswollen lamellar phases it is necessary to account for the strong coupling between the interlamellar forces and possible intralayer phase transitions. Perhaps the most well-studied example of such a phenomenon occurs in the context of the so-called main transition,
at which an isolated bilayer transforms from a "fluid" state, with the hydrocarbon chains of its constituents disordered and the molecules free to difFuse, to one of several possible "solid" phases in which there is collective molecular orientation, tilt, or even in-plane modulation.
In this paper we study the effects of membrane interactions on a structural phase transition of lipid bilayers by means of a simplified model of the main transition of isolated membranes and a continuum treatment of the dominant molecular intermembrane forces. The phenomenological theory for isolated bilayers, in which a single, scalar order parameter distinguishes the ordered and disordered states of the membranes, does not address the difterent order parameters distinguishing the several low-temperature ordered phases of the membranes, but does address an essential geometrical feature of the chain-melting transition; it may thus serve as a prototype for more detailed studies of interacting membranes. The model is used to study the phase diagram of two of the simplest lamellar structures exhibited by hydrated neutral phospholipid membranes, making direct contact with the two most directly controllable experimental variables, temperature (T) and the chemical potential of water (p ) . We also calculate the variation of the structural parameters of the lamellae with these thermodynamic variables. Some systematic variations with hydrocarbon chain length n in the properties of the transition between disordered and ordered planar membranes are found here to lead to corresponding changes in the phase behavior, and these are qualitatively consistent with experiment.
Central to the model is the choice of a coarse-grained order parameter g which distinguishes the phases and is coupled to the membrane interactions. We review in Sec.
II the essential empirical observations concerning the 
where the amplitude H=0. (2), and with (7), we obtain the free-energy density T, g' ) =p(P", T, P"), where we have made explicit the fact that the order parameter g may take on different values in the where C(P)= -2P (3 -P )/(1 -P ) and D(P)= (1 -P)/-A, P. In any equilibrium phase of the system, the order parameter P is found from the solution(s) not previously been plotted in the variables of Fig. 4(a) , but as shown in 4(b) it displays very much the same behavior, and is semiquantitatively described by the theory.
A sequence of isotherms of the kind shown in Fig. 3(a) may be used to construct a complete temperaturecomposition phase diagram for the hydrated bilayer system, of which Fig. 5 indicates the generally pseudocritical nature of the phase transitions in the presence of water. At the extremely dehydrated limit, we find that it is indeed possible for the interactions to have renormalized sufficiently the properties of the chain-melting transition that it has been transformed from a first-order transition to a critical point C. Beyond this liquid-gas -like critical point, the bilayer thickness changes continuously as a function of temperature. Whether this point exists in reality depends crucially on the actual symmetry differences between the two states, as we discuss below. We remark that data ' on dilauroylphosphatidylcholine (DLPC) similar to that shown for DMPC in Fig. 4(b) , but at a temperature significantly higher than T of an isolated membrane, indicates a pronounced degree of curvature in the f p, repres-entation. This is suggestive of a highly pseudocritical transition at low water contents. Fig. 6 where we have plotted the T -p phase dia- Fig. 4(b 
